Introduction {#sec1}
============

Essential metals such as cobalt (Co), iron (Fe), chromium (Cr), copper (Cu), nickel (Ni), manganese (Mn), molybdenum (Mo), zinc (Zn), and selenium (Se) are fundamental supplements that are essential for several physiological and biochemical purposes.^[@ref1]−[@ref3]^ Nevertheless, a portion of these substantial metals in high dosages can be dangerous to the body, while others (e.g., cadmium, mercury, lead, chromium, silver, and arsenic) in minute amounts have incoherent impacts in the body, causing critical and chronic toxicities in humans.^[@ref4],[@ref5]^ Excess amounts of essential metals are a source of neurotoxicity. Moreover, excess metal in the human body can generate free radicals, which can increase the oxidative stress and can destroy lipids, proteins, and DNA molecules. These free radicals also promote carcinogenesis. Excess amount of iron has largely been reported to be one of the reasons for death in children^[@ref6],[@ref7]^ and has a long history of research in therapeutics.^[@ref8],[@ref9]^ After the discovery of numerous oral medicines for iron toxicity, child mortalities are under control, but rigorous poisonings due to excess iron still take place.^[@ref10]^

So far, chelation therapy is the most powerful and commonly utilized strategy for the treatment of substantial metal overburden and mitigation of a number of diseases such as Parkinsonʼs disease, Alzheimerʼs disease, Wilsonʼs ailment, and Friedreichʼs ataxia.^[@ref11]^ The most commonly utilized chelating agents such as CaNa~2~EDTA---1985,^[@ref9]^ BAL---1949,^[@ref9]^ DMSA---1978,^[@ref12]^ and DMPS---1958^[@ref13]^ were utilized to treat metal overburden issues for a long time. However, these chelators have harmful impacts that may damage a few fundamental organs.^[@ref14],[@ref15]^ The accumulation of a substantial amount of metals in cerebrum by some chelators can affect intellectual capacity of teenagers.^[@ref16]^ Thus, nanoscience-related innovation can open a new approach for the treatment of metal toxicity-related issues.^[@ref17],[@ref18]^ Various *in vitro* investigations have portrayed the capacity of metallic nanoparticles to tie or detect the excess amount of metals.^[@ref7],[@ref19]^ For example, nanosized silver and gold particles can agglomerate with bivalent metal ions such as mercury (Hg^2+^), copper (Cu^2+^), iron (Fe^2+^), and lead (Pb^2+^), which can shift the surface plasmon band, useful for detection purposes.^[@ref20]−[@ref22]^ However, low biocompatibility limits their *in vivo* applications.^[@ref20]^ In the present study, we have developed a new technique that could be a potential option for the treatment of substantial cationic metal poisoning.

Among all of the cationic metals, iron is an essential mineral in the human body as it constitutes the important biological molecule hemoglobin, and thus maintaining the proper iron balance in body is important to regulate different physiological activities.^[@ref23]^ Nevertheless, iron is one of the heavy metals commonly known to produce hydroxyl radicals (^•^OH)^1^. Excess amount of iron leads to greater formation of free radicals that can cause carcinogenesis.^[@ref24]^ Iron-instigated free radicals can produce malignancy by oxidation of DNA, prompting to DNA damage.^[@ref25]^ In this work, through various spectroscopy tools, we have investigated the different properties of the synthesized iron--curcumin (Fe--Cur) complex, which provide us the details of the Fe-chelating action by the promising chelator curcumin. We have also investigated whether the synthesized complex provides antioxidant activity. The role of metal particles in the antioxidant action of the complex is assessed in detail using a well-known radical scavenger 2,2-diphenyl-1-picrylhydrazyl (DPPH) in aqueous media under light irradiation as well as under dark conditions. This analysis reveals that the antioxidant activity of curcumin increases after the chelation of Fe, and a consequent decrease is also observed in free radical generation under dark conditions. We have extended our studies on reactive oxygen species (ROS) in aqueous solution, which show that this complex does not generate any significant ROS in the dark. The results validate its acceptability as a therapeutic agent. Femtosecond-resolved fluorescence studies further highlight the mechanistic approach of the therapeutic activity of the metal--ligand complex. Through the photophysical study, it has been found that the ligand-to-metal charge transfer plays the key role to control the entire ROS generation and radical scavenging activity of the proposed complex. For a comparison of the activity and probable side effects of the Fe--Cur complex, we have introduced and investigated another transition metal complex with the ligand curcumin (Zn--Cur). Although these two complexes are structurally similar, the difference in electronic distribution causes a decreased efficiency in the activities. The trend in radical scavenging activity is observed to be similar for both the metal curcumin complexes, which validates the role of electron transfer in controlling the activities of the complex. Thus, the entire study provides deep insight into the photophysical behavior of a potential chelating therapeutic agent curcumin in mitigation of iron toxicity with validation of *in vitro* applications that may uncover a dual activity nanotherapeutic approach in future.

Results and Discussion {#sec2}
======================

The schematic representation of Fe--Cur complexes is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, and the photographs of curcumin (yellow) and Fe--Cur (brown) in the dimethyl sulfoxide (DMSO) solvent under visible light are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The formation of metallo-organic complexes causes significant alterations in the electronic configuration of the free ligands. UV--visible absorption spectroscopy is a suitable method to determine complexation or metalation. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c represents the absorption spectra of FeCl~3~ (blue) with an absorption peak at 340 nm and of curcumin (black) with a peak at 435 nm in DMSO solvent. The inset shows the absorption maximum of FeCl~3~ (blue) with an absorption peak at 390 nm and of curcumin (black) appears at 440 nm in an aqueous solvent. The absorption peaks of the ligand curcumin can be assigned to a π--π\* transition from (HOMO-1) to (LUMO) and (HOMO) to (LUMO) separately.^[@ref26]^ The blue shift in the absorption spectra of curcumin after attachment to the metal particle provides a signature of the covalent attachment. For the Fe--curcumin complex, a clear peak can be observed at 440 nm, with a wide absorption peak at around 520 nm in DMSO as well as in water as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c (red). Some earlier reports^[@ref27],[@ref28]^ have depicted the comparative Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectra of Fe--Cur and curcumin and concluded effective complex formation.

![(a) Schematic representation of Fe--Cur complexes. (b) Photographs of curcumin (yellow) and Fe--Cur (brown) in DMSO under visible light. (c) Absorption spectra of FeCl~3~ (blue), Cur (black), and Fe--Cur (red) using DMSO as the solvent. The inset shows the absorption spectra of FeCl~3~ (blue), Cur (black), and Fe--Cur (red) using water as the solvent.](ao0c01898_0001){#fig1}

The room-temperature steady-state photoluminescence (PL) spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) of curcumin (black) shows a peak at 520 nm upon excitation at 400 nm in DMSO solvent, and the inset shows the same measurement in an aqueous solvent. However, after metalation with iron, the steady-state emission intensity is significantly quenched (in both the solvents) in spite of the fact that the absorption peaks of the complex in both the solutions are comparable. The observation leads to the possibility of nonradiative charge transfer.^[@ref29]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the excitation spectra of all of the samples in DMSO solvent, and the inset shows the excitation of all of the samples in an aqueous solvent. A significant decrease in intensity for both emission and excitation spectra after metalation can be ascribed to the signature of complexation as well as nonradiative charge transfer from the ligand (Cur) to the chelated metal ion. There is also a possibility of the development of a new energetically low lying charge-transfer state due to electronic transition from curcumin to the chelated metal. The curcumin moiety having delocalized π-electron density behaves as a donor to the positively charged metal center (which has empty d-orbitals) behaving as an acceptor and exhibiting a ligand-to-metal charge-transfer (LMCT) band.^[@ref30],[@ref31]^

![(a) Room-temperature emission spectra of Cur (black) and Fe--Cur (red) in DMSO are shown. The excitation wavelength was 400 nm. The inset shows the emission spectra of the same samples using water as a solvent. (b) Room-temperature excitation spectra of Cur (black) and Fe--Cur (red) in DMSO are shown. The emission wavelength was set at 530 nm. The inset shows the excitation spectra of the same samples using water as a solvent.](ao0c01898_0002){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a demonstrates the antioxidant activities of curcumin and the Fe--Cur complex in the dark as well as under green light irradiation and constant stirring conditions. The antioxidant activity of samples is observed by the decolorization kinetics of the stable free radical DPPH in an ethanol--water mixture.^[@ref32]^ DPPH, a stable free radical having violet color, is reduced to DPPH~2~, which is yellow in color, due to donation of a H-atom from the polyphenolic antioxidant to the radical.^[@ref33]^ As the DPPH assay is performed under stirring conditions, there is no possibility of precipitation. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows an increase in radical scavenging activity for Fe--Cur in the dark, whereas under green light conditions, no effect has been observed in this assay. The electronic configuration of Fe (at the ground state) allows it to capture electron density from the peripheral O--H bond and initiate the breaking of the peripheral O--H bond.^[@ref26]^ Thus, it can show more antioxidant property. However, in the case of the light-irradiated system, the electronic configuration alters significantly in the case of Fe--Cur complex. This may possibly induce stability in the complex that could lead to less electron affinity of the metal center, which results in a lower antioxidant activity. Thus, the improved antioxidant property of Fe--Cur in the dark results in formation of a more vulnerable ArO--H bond in curcumin and a resulting simpler H-atom loss process.^[@ref34]^ The dose-dependent antioxidant activities of Fe--Cur have been performed at three different concentrations (OD 0.07, 0.10, and 0.15) as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. It has been clearly observed that the antioxidant capability of Fe--Cur increases more for the concentration of OD 0.10 compared to other two concentrations in the dark ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The results demonstrate that Fe--Cur serves as an extremely effective free-radical scavenger compared to free curcumin in water in the absence of light.

![Absorption kinetics of DPPH degradation (monitored at 540 nm) (a) in the absence of light using samples Cur (green) and Fe--Cur (red) and in the presence of green light with Cur (blue) and Fe--Cur (brown) and (b) in the absence (D1: 0.07 OD, D2: 0.10, and D3: 0.15 OD) and presence (L1: 0.07 OD, L2: 0.10 OD, and L3: 0.15 OD) of light using samples Fe--Cur with variable concentrations.](ao0c01898_0003){#fig3}

We have assessed the ROS generation capability by Fe--Cur with respect to curcumin by performing the dichlorofluorescein (DCFH) assay in the presence of light and in the dark as well. The rise in the emission intensity of DCF, which is the oxidized form of DCFH, has been monitored to quantify the amount of ROS in the system. The Fe--Cur complex shows 8.5 times additional ROS generation compared to curcumin under green light irradiation, as represented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The dose-dependent capability of Fe--Cur has been performed at three different concentrations (OD 0.07, 0.10, and 0.15) as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. It has been clearly observed that the ROS generation capability of Fe--Cur increases with increasing concentration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) in the presence of green light. Fe--Cur almost does not generate any ROS in the absence of light.

![DCFH oxidation (monitored at 525 nm) with time (a) in the absence of light with samples Cur (green) and Fe--Cur (red) and in the presence of light with Cur (blue) and Fe--Cur (brown) and (b) in the absence (D1: 0.07 OD, D2: 0.10 OD, and D3: 0.15 OD) and presence (L1: 0.07 OD, L2: 0.10 OD, and L3: 0.15 OD) of light using samples Fe--Cur with variable concentrations. The excitation wavelength was 488 nm.](ao0c01898_0004){#fig4}

Femtosecond-resolved fluorescence transients of Fe--Cur samples have been measured to find out the excited-state dynamics of the complex, which provides further evidence of the metal--ligand chelation. The femtosecond-resolved decay profiles of the free ligand curcumin and the Fe--Cur complex are compared in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The fluorescence decay of curcumin is fitted by a double exponential decay with a lifetime of 3.2 ps (faster part: corresponds to solvation dynamics) and another 73.5 ps (longer part: corresponds to excited-state intramolecular H-atom transfer, ESIHT).^[@ref35]^ The average lifetime of the system is 50.5 ps. The femtosecond-resolved decay profile of Fe--Cur shows a faster time component of 0.09 ps, and the corresponding average lifetime is 25.6 ps. The lifetime components of the fluorescence transients are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The faster time scale in the decay pattern of the Fe complex could be ascribed to the electron transfer from the ligand to the chelated metal center.^[@ref36]^ Therefore, this electron transfer process can be correlated to the enhanced antioxidant activity and photoinduced ROS generation by Fe--Cur.

![Femtosecond-resolved fluorescence transients of Cur (gray) and Fe--Cur (green) in DMSO. The excitation wavelength was 400 nm, and the detection wavelength was 530 nm. The circles are experimental data, and the solid lines are the best multiexponential fit.](ao0c01898_0005){#fig5}

###### Lifetime of Femtosecond-Resolved Fluorescence Transients of Cur and Fe--Cur Complexes, Detected at 530 nm (PL Maxima) upon Excitation at 400 nm Wavelength[a](#t1fn1){ref-type="table-fn"}

  system    τ~1~ (ps)    τ~2~ (ps)     τ~3~ (ps)   τ~avg~ (ps)
  --------- ------------ ------------- ----------- -------------
  Cur       3.19 (32%)   73.50 (68%)               50.50
  Fe--Cur   0.09 (32%)   1.82 (28%)    62 (40%)    25.60

Numbers in parentheses indicate relative contributions.

Additionally, we have performed a study on the antioxidant activity and photoinduced ROS generation by the Zn--Cur complex to compare its activity with the Fe--Cur one. It has been found that the antioxidant activity of Zn--Cur increases under dark conditions, but the increment is much less as compared to Fe--Cur. The trend is due to the presence of stronger O--H bonds in the case of the Zn complex as Zn(II) has a filled d orbital showing lower interactions compared to Fe(II).^[@ref37]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the ROS generation capability of Zn--Cur in the presence of green light (blue) and in the absence of light (red). The ROS generation capability of Zn--Cur is increasing, but the ability is much less than that of Fe--Cur. Therefore, antioxidant activity and photoinduced ROS generation by Zn--Cur are consistent with the Fe--Cur results. However, the activity of Fe--Cur is far better than that of Zn--Cur.

![(a) Absorption kinetics of DPPH degradation (monitored at 540 nm) in the absence and presence of light using Zn--Cur. (b) DCFH emission (monitored at 525 nm) in the absence and presence of light using Zn--Cur samples. The excitation wavelength was 488 nm.](ao0c01898_0006){#fig6}

Conclusions {#sec3}
===========

In the present study, the biocompatible ligand curcumin shows a high affinity to chelate with metallic Fe. Curcumin is known to have less or minimal side effects. Thus, it can be used as an alternative to conventional chelating agents. The Fe--Cur complex has enhanced the antioxidant activity and negligible ROS generation capability in the dark. The prominent ligand-to-metal charge transfer in the case of the Fe--Cur complex is found to be the mechanistic pathway to control the radical scavenging and the ROS generation trends. The proposed mechanism has further been validated by a comparison of activity with the structural analogue Zn--Cur. Thus, the electron rearrangement process in the Fe--Cur complex leading to efficient radical scavenging activity may pave a new way for the effective treatment of iron overload diseases and the Fe--Cur complex can be considered as an alternative medicine.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

All of the chemicals used in this study were of analytical grade and were used without any further refinement. Curcumin, anhydrous iron(III) chloride (FeCl~3~), and Zn(CH~3~CO~2~)~2~·2H~2~O were bought from Sigma-Aldrich. The appropriate solvent for the samples, methanol was purchased from Merck. For various spectroscopic studies, Millipore water and dimethyl sulfoxide (DMSO) from Spectrochem were used as solvents.

Preparation of Metallo-Curcumin Complexes {#sec4.2}
-----------------------------------------

### Fe--Cur Composite {#sec4.2.1}

This compound was prepared by mixing curcumin with iron(III) chloride at a molar ratio of 1:1 in methanolic solution.^[@ref26],[@ref34]^ First, 50 mL of 2 mM curcumin in methanol was heated at 60 °C for dissolution. Iron(III) chloride (2 mM) was dissolved in 100 mL of methanol by heating and added into the curcumin solution. A brown solid precipitate was formed immediately, and it was refluxed for 2.5 h.^[@ref38]^ The brown product was filtered and washed first with cold methanol and then with water to eliminate the remaining reactants. The purified product was dried in vacuum overnight at 60 °C, and the final product was brown.

### Zn(II)--Cur Compound {#sec4.2.2}

The compound Zn(II)--Cur was synthesized at a molar ratio of 1:1.^[@ref26],[@ref34]^ First, 50 mL of 2 mM solution of Cur in methanol was heated at 60 °C for dissolution. Then, 2 mM zinc acetate dihydrate was dissolved in 100 mL of methanol by heating. It was added into the Cur solution, and the solution was refluxed for 2.5 h.^[@ref38]^ The red solid sample was filtered and washed to eliminate the remaining reactants. The purified sample was dried in vacuum overnight at 60 °C, and the final product was red.^[@ref34]^

Characterization Methods {#sec4.3}
------------------------

### Optical Studies {#sec4.3.1}

Absorption spectra of the samples were measured using a Shimadzu UV-2600 spectrophotometer in quartz cell of path length 1 cm. The steady-state excitation and emission spectra were recorded in a Jobin-Yvon Fluorolog fluorimeter. The femtosecond time-resolved fluorescence transients were collected using the femtosecond upconversion technique (FOG 100, CDP) with a full width at half-maximum (FWHM) of 195 fs. The fluorescence decay patterns were measured at the emission wavelength of 530 nm upon excitation at 400 nm using a femtosecond pulsed laser source. The fluorescence transients were fitted in Scientist software. The details of the upconversion setup and the fitting procedures were explained in the earlier publications of our group.^[@ref26],[@ref39]^

### DPPH Assay for *In Vitro* Antioxidant Activity Study {#sec4.3.2}

The UV--vis-assisted DPPH assay was performed to study the antioxidant activity of the samples using reported methodology.^[@ref26]^ The degradation kinetics of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was observed and monitored by measuring the decrease in the characteristic absorption peak of DPPH at 520 nm as a function of time. The assay was performed in the dark as well as in the presence of green light (wavelength ∼540 nm) irradiation for a 30 min time window, and the time interval between two consecutive data was 5 min.

### Preparation of Dichlorofluorescein for *In Vitro* Measurement of ROS {#sec4.3.3}

DCFH was synthesized using the procedure reported in the literature.^[@ref40],[@ref41]^ First, 0.5 mL of 1.0 mM DCFH-DA (dichlorofluorescein diacetate purchased from Calbiochem) in methanol was mixed with 2.0 mL of 0.01 N aqueous NaOH for 30 min.^[@ref40]^ The solution was then neutralized to pH 7.4 by NaH~2~PO~4~. This solution was preserved under dark conditions in ice.
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